Reactive oxygen species can induce the formation of tandem DNA lesions. We recently showed that the treatment of calf thymus DNA with Cu 2+ /H 2 O 2 /ascorbate could result in the efficient formation of a tandem lesion where a 5,6-dihydroxy-5,6-dihydrothymidine (or thymidine glycol) is situated on the 5′ side of an 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG). In the present study, we assessed how the 5′-Tg-(8-oxodG)-3′ and 5′-(8-oxodG)-Tg-3′ tandem lesions are replicated by purified DNA polymerases and how they are recognized by base excision repair enzymes. Our results revealed that the tandem lesions blocked primer extension mediated by Klenow fragment and yeast polymerase η more readily than when the Tg or 8-oxodG was present alone. The mutagenic properties of Tg or 8-oxodG differed while they were present alone or in tandem. Moreover, the human 8-oxoguanine-DNA glycosylase (hOGG1)-mediated cleavage of 8-oxodG was compromised considerably by the presence of a neighboring 5′ Tg, whereas the presence of Tg as the adjacent 3′ nucleoside enhanced the 8-oxodG cleavage by hOGG1. The efficiency for the cleavage of Tg by endonuclease III was not affected by the presence of an adjoining 8-oxodG. These results supported the notion that the replication and repair of tandem single-nucleobase lesions depend on the types of lesions involved and their spatial arrangement.
Introduction
DNA is susceptible to damage by reactive oxygen species (ROS) 1 , which can be induced in human cells via normal aerobic metabolism and by exogenous processes including ionizing radiation and UV light, and the accumulation of ROS-induced DNA lesions is thought to be implicated in various human diseases (1) . Other than single-nucleobase lesions, clustered DNA lesions, where two or more damaged nucleosides are located within 1-2 helical turns of DNA, can form upon interaction with ROS, particularly those formed upon exposure to ionizing radiation (2) (3) (4) .
Clustered DNA lesions are also termed multiply damaged site (MDS). Owing to the intrinsic chemical and structural properties of different lesions within MDS and their close proximity, lesions at MDS are often more difficult to repair than when they are present alone (5) (6) (7) (8) (9) (10) (11) (12) . Among the clustered DNA lesions, tandem lesions, consisting of two neighboring damaged nucleotides on the same DNA strand, could be initiated from a single hydroxyl radical attack and, depending on the nature of the tandem lesions, molecular oxygen may or may not be involved in their formation (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
Thymidine glycol (or 5,6-dihydroxy-5,6-dihydrothymidine, Tg) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) are major oxidatively induced lesions of thymidine and 2′-deoxyguanosine, respectively. We demonstrated recently that the tandem lesion with a Tg lying on the 5′ side of an 8-oxodG could form efficiently in calf thymus DNA upon treatment with Cu 2+ /H 2 O 2 /ascorbate (20) .
Some lesions, when present in replicating DNA, can lead to replication fork stalling and/or give rise to mutations. Thymidine glycol blocks effectively DNA replication, but is not mutagenic under most conditions (24) ; on the other hand, 8-oxodG does not block appreciably the DNA replication and it can result in significant frequencies of G→T transversion mutation (25, 26) . Tg could also arise from the deamination of 5-methylcytosine glycol (27) , an oxidative lesion formed on 5-methylcytosine (28) . In this respect, cytosine at a CpG dinucleotide site can be methylated, and approximately 5% cytosine residues are methylated in the human genome (29) . The methylated CpGs are mutational hot spots in the human p53 tumor suppressor gene (30) . Previously we found that oxidative intrastrand cross-link lesions could form at methylated CpG sites, which may account for the mCG→TT tandem double mutations induced by Fenton type reagents (31) . The 5′-Tg-(8-oxodG)-3′ tandem lesion may also emanate from ROS attack at methylated CpG site thereby contributing to CpG mutagenesis. Along this line, a relatively high frequency of mCG→TT mutation was observed after the Cu 2+ /H 2 O 2 / ascorbate-treated pSP189 shuttle vector was propagated in nucleotide excision repair (NER)-deficient human XPA cells (32) .
Cells have evolved with various strategies to minimize the deleterious effects of DNA lesions by an intricate DNA repair system and certain mechanisms to cope with unrepaired or highly repair-resistant DNA lesions (33) . It was proposed that when a high-fidelity replication fork is 1 
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Reactive oxygen species arrested by DNA damage, translesion synthesis DNA polymerases can replace temporarily the replicative polymerases to bypass the damage site (34) . Several studies have been carried out to assess the cytotoxic and mutagenic properties of clustered DNA lesions. Our previous invitro replication studies on two intrastrand cross-link lesions, G C and G [8-5m] T, showed that they can either stall DNA replication performed by high-fidelity replicative polymerases or give rise to mutations by a translesion synthesis polymerase, yeast polymerase η (23, 35, 36) . In these two intrastrand cross-link lesions, the C8 of guanine is covalently bonded with the C5 or methyl carbons of cytosine and thymine, respectively. In addition, altered mutagenic potential was found for 8-oxodG when it is present in a clustered DNA damage site (12, 37, 38) .
MDS
The base excision repair (BER) pathway can allow for the efficient and accurate repair of ROSinduced single-nucleobase lesions (39) . However, when these lesions are present as components of a MDS, the repair by the BER enzymes becomes difficult. A number of studies showed that the excision, by purified BER enzymes or by cell extracts, of clustered DNA lesions is indeed compromised, and the effects vary with the types of lesions involved and their spatial distribution (6) (7) (8) (9) 12, 40) .
Building upon our previous demonstration of the efficient formation of the 5′-Tg-(8-oxodG)-3′ tandem lesion in calf thymus DNA upon exposure to Cu 2+ /H 2 O 2 /ascorbate (20) and our successful synthesis of oligodeoxyribonucleotides (ODNs) containing both Tg and 8-oxodG (41), here we examined how the presence of the 5′-Tg-(8-oxodG)-3′ and 5′-(8-oxodG)-Tg-3′ tandem lesions in template DNA perturbs nucleotide incorporation by two DNA polymerases.
One is a replicative DNA polymerase, the exonuclease-free Klenow fragment of E. coli DNA polymerase I, and the other is a member of the "Y" superfamily polymerases, Sacchramyces cerevisiae DNA polymerase η (pol η). Pol η is the gene product of Rad30 in budding yeast (42) and the variant form of xeroderma pigmentosum (XP-V) in humans (43) , which was revealed to bypass efficiently many DNA lesions, including 8-oxodG and Tg (44, 45) . We also assessed how these two types of tandem lesions are recognized by human 8-oxoguanine-DNA glycosylase (hOGG1) and E. coli endonuclease III.
Experimental Procedures Materials
All unmodified ODNs used in this study were purchased from Integrated DNA Technologies (Coralville, IA). [γ-32 P]ATP was obtained from Amersham Biosciences (Piscataway, NJ). The Klenow fragment (3′→5′ exo -) of E. coli DNA polymerase I and endonuclease III were from New England Biolabs (Ipswich, MA). One unit of Endonuclease III is defined as the amount of enzyme required to cleave 1 pmol of a 34-mer ODN duplex containing a single abasic site in a total reaction volume of 10 μl in 1 hour at 37°C in the Endonuclease III reaction buffer containing 10 pmol of fluorescently labeled ODN duplex. Human AP endonuclease 1 (APE1) was purchased from Enzymax (Lexington, KY). Yeast pol η and hOGG1 were expressed and purified following previously published procedures (46, 47) .
Preparation of Substrates for In-vitro Replication and Repair Studies
The ODNs containing the cis-(5R,6S) diastereomer of Tg, an 8-oxodG, or both were synthesized previously (sequences shown in Table 1 ) (41) . The dodecameric lesion-bearing substrate, e.g., d(ATGGCTgG*GCTAT) ("G*" represents 8-oxodG), was ligated with the 5′-phosphorylated d(GATCCTAG) in the presence of a template ODN, d (CCGCTCCCTAGGATCATAGCCAGCCAT), following previously described procedures (35) . The desired lesion-containing 20-mer ODN was purified by using 20% denaturing polyacrylamide gel electrophoresis (PAGE) and desalted by ethanol precipitation. The purity of the product was further confirmed by PAGE analysis.
Primer Extension Assays
The 20-mer lesion-containing ODNs or the unmodified template (20 nM) were annealed with a 5′ 32 P-labeled 14-or 15-mer primer (10 nM). To the duplex mixture were added all four dNTPs at a concentration of 200 μM each and a DNA polymerase. The reaction was carried out in a buffer containing 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM MgCl 2 , and 1 mM dithiothreitol (DTT) at 37 °C for 60 min. The amounts of the polymerases are indicated in the figures. The reaction was terminated by adding a 2 volume excess of formamide gel-loading buffer [80% formamide, 10 mM EDTA (pH 8.0), 1 mg/mL xylene cyanol, and 1 mg/mL bromophenol blue]. The products were resolved on 20% (29:1) cross-linked polyacrylamide gels containing 8 M urea. Gel band intensities for the substrates and products were quantified by using a Typhoon 9410 variable-mode imager (Amersham Biosciences Co.).
Steady-state Kinetic Measurements
The steady-state kinetic analyses were performed as described previously (48) . In this measurement, the primer-template complex (10 nM) was incubated with either Klenow fragment (5 ng) or yeast pol η (5 ng) in the presence of an individual dNTP at various concentrations as indicated in the figures. The reaction was carried out at room temperature with the same reaction buffer as described for the primer extension assays. The dNTP concentration was optimized for different insertion reactions to allow for less than 20% primer extension. The observed rate of nucleotide incorporation (V obs ) was plotted as a function of dNTP concentration, and the apparent K m and V max steady-state kinetic parameters for the incorporation of both the correct and incorrect nucleotides were determined by fitting the rate data with the Michaelis-Menten equation:
The k cat values were then calculated by dividing the V max values with the concentration of the polymerase used. The efficiency of nucleotide incorporation was determined by the ratio of k cat /K m , and the fidelity of nucleotide incorporation was calculated by the frequency of misincorporation (f inc ) with the following equation:
BER Assays
The 20mer 5′ 32 P-labeled lesion-containing ODNs or a control substrate were annealed with their respective complementary strands by heating the mixture to 90 °C and cooling slowly to room temperature in a solution containing 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 1 mM EDTA. The duplex (10 nM) was incubated with either hOGG1 or endonuclease III in a 10-μL buffer solution at 37 °C for 30 min. The amounts of enzyme are shown in the figures. A buffer containing 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM MgCl 2 and 1 mM DTT, along with 1 ng of APE1, was used for the hOGG1 cleavage assays, and a buffer bearing 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1 mM DTT was employed for endonuclease III reactions. The reaction products were mixed with formamide gel-loading buffer, heated at 90°C for 20 min to cleave the apurinic/apyrimidinic sites (AP sites), and the resulting products were resolved by 20% denaturing polyacrylamide gels. The level of the BER enzyme-induced cleavage was quantified based on the gel band intensities for the substrates and products by phosphorimaging analysis.
Results
To assess how the tandem 5′-Tg-(8-oxodG)-3′ and 5′-(8-oxodG)-Tg-3′ lesions perturb DNA replication and how they are recognized by BER enzymes, we first constructed 12-mer ODN substrates carrying the cis-(5R,6S) diastereomer of Tg, an 8-oxodG, or both (Table 1 ) (41). These lesion-containing ODNs were further ligated with a 5′-phosphorylated 8-mer ODN to afford 20-mer lesion-containing substrates for in-vitro replication and repair studies ( Figure  1 ).
Increased Blocking Effects Induced by Tandem Lesions during DNA Replication in vitro
First, we performed primer extension assays on the four lesion-bearing substrates and an undamaged control substrate with Klenow fragment and yeast pol η. The results with the Klenow fragment showed that, in the presence of all four dNTPs, the synthesis catalyzed by the Klenow fragment stopped mostly after incorporating one or two nucleotides opposite the tandem lesions (Figure 2a ). In addition, the Tg moiety of the tandem lesions could lead to a greater blocking effect than 8-oxodG on the Klenow fragment-mediated bypass of the tandem lesions. For instance, when the polymerase encounters the Tg first, i.e, for the 5′-(8-oxodG)-Tg-3′ tandem lesion, some of the primers remain unextended; only a trace amount of full-length product was detected (Figure 2a ). This observation is in keeping with the fact that Tg is a replication-blocking lesion (24), whereas 8-oxodG does not block appreciably the DNA replication (25, 26) . Together, the two tandem lesions block the Klenow fragment-mediated primer extension more readily than the two composing single-nucleobase lesions when present alone.
The primer extension assay with yeast pol η showed that this polymerase could bypass both tandem and isolated single-nucleobase lesions, and generate full-length replication products in the presence of all four dNTPs (Figure 2b ). However, similar to what we found for the Klenow fragment, both tandem lesions were somewhat more difficult for yeast pol η to bypass than either single-nucleobase lesion.
We next determined the steady-state kinetic parameters for nucleotide incorporation opposite both moieties of the tandem lesions, opposite an isolated 8-oxodG or Tg, or across an unmodified dG or dT by Klenow fragment and yeast pol η (Figure 3 , and the steady-state kinetic parameters for nucleotide incorporation are summarized in Tables 2-4 ). It turned out that the Klenow fragment incorporated preferentially the correct nucleotide opposite the 3′ modified nucleoside in both tandem lesions, namely, dAMP and dCMP were the most favored nucleotides inserted opposite the Tg in the 5′-(8-oxodG)-Tg-3′ tandem lesion and the 8-oxodG in the 5′-Tg-(8-oxodG)-3′ tandem lesion, respectively (Tables 2 & 4) . The presence of a 5′ neighboring 8-oxodG does not affect the efficiency of dAMP incorporation opposite Tg (Tables  2 & 4) . Likewise, an adjacent 5′ Tg does not confer compromised efficiency in nucleotide incorporation opposite 8-oxodG (Tables 2 & 4) . The nucleotide insertion opposite the 5′ component of the tandem lesion by Klenow fragment, however, became much more difficult; only little incorporation of dAMP opposite the Tg was observed when it lies on the 5′ side of the 8-oxodG.
Unlike the nucleotide incorporation with the Klenow fragment, yeast pol η could insert nucleotides opposite both moieties of the tandem lesions. The efficiencies for the incorporation of the most favorable nucleotide, dCMP, opposite the 8-oxodG that is isolated, in 5′-Tg-(8-oxodG)-3′, or in 5′-(8-oxodG)-Tg-3′ are 3.7 × 10 -3 , 2.9 × 10 -3 and 1.1 × 10 -4 nM -1 min -1 , respectively (Tables 3 & 4) . Thus, the presence of Tg as the 5′ neighboring nucleotide only resulted in marginal decrease (i.e., 22%) in efficiency of nucleotide incorporation; the existence of Tg as the 3′ adjoining nucleotide, however, led to a pronounced drop in efficiency for dCMP insertion, i.e., by ∼34 fold. This large drop is mainly due to the increase in K m , i.e., by ∼24 fold, for the 5′-(8-oxodG)-Tg-3′ lesion relative to the isolated 8-oxodG lesion (Tables 3 & 4) . The latter compromised efficiency for dCMP incorporation reflects the difficulty experienced by the polymerase in extending the Tg:A base pair at the primer-template junction.
The efficiencies for the insertion of the most favorable nucleotide, i.e., dAMP, opposite the Tg that is alone, in 5′-Tg-(8-oxodG)-3′, or in 5′-(8-oxodG)-Tg-3′ were 7.5 × 10 -4 , 2.2 × 10 -4 , and 3.6 × 10 -4 nM -1 min -1 , respectively (Tables 3 & 4) . The 5′ and 3′ adjacent 8-oxodG, therefore, led to the decreases in nucleotide incorporation efficiency by ∼2.1 and ∼3.4 fold, respectively, and the decrease arises again from the increase in K m (Tables 3 & 4) . This result revealed that pol η encounters greater difficulty in extending the 8-oxoG:C base pair than a G:C base pair. The extent of decrease, however, is much less drastic than what we found for the 8-oxodG in the tandem lesions where Tg is the neighboring lesion (vide supra).
The Presence of Single-nucleobase Lesions in Tandem Affects their Mutagenic Potential
The steady-state kinetic parameters for yeast pol η-mediated nucleotide incorporation also revealed some notable differences in mutagenicity for the two single-nucleobase lesions while they are present alone or in tandem. In addition, the fidelity for nucleotide insertion is different for the tandem lesions with the Tg and 8-oxodG being in the opposite orientation. In this regard, the frequency of misincorporation of dAMP opposite 8-oxodG in the 5′-Tg-(8-oxodG)-3′ (4.5%) was similar as that opposite an isolated 8-oxodG (5.1%). However, the frequency for the misinsertion of dAMP opposite the 8-oxodG in 5′-(8-oxodG)-Tg-3′ was only 0.69% (Tables  3 & 4) . The Tg component, however, exhibits greater mutagenic potential for both orientations of the tandem lesions than when it is present alone; the misinsertion of dGMP occurred at frequencies of 1.1% and 0.16% for the 5′-Tg-(8-oxodG)-3′ and isolated Tg, respectively (Tables 3 & 4) . By contrast, dCMP was inserted opposite the Tg moiety of the 5′-(8-oxodG)-Tg-3′ tandem lesion at a relatively high frequency, i.e., 6.7% (Tables 3 & 4) . Very limited differences were found for the fidelity of Klenow fragment-mediated nucleotide incorporation opposite the Tg and 8-oxodG while they are isolated or neighboring to each other. The frequencies for the misincorporation of dAMP opposite 8-oxodG by Klenow fragment were similar, namely, 5.7% and 5.2% for isolated 8-oxodG and 5′-Tg-(8-oxodG)-3′ tandem lesion, respectively (Tables 2 & 4 ). In addition, the frequencies for the misinsertion of dGMP opposite the Tg were comparable, i.e., 0.21% and 0.26% for substrates containing 5′-(8-oxodG)-Tg-3′ tandem lesion and isolated Tg, respectively (Tables 2 & 4) .
The Recognition of Tandem Lesions by BER Enzymes
We next investigated how efficiently the two tandem lesions can be recognized by two BER enzymes, i.e., hOGG1 and E. coli endonuclease III. Although hOGG1 is a bifunctional glycosylase harboring both glycosylase and AP lyase activities (49) , previous kinetic studies showed that the hOGG1-mediated strand cleavage at 8-oxodG site is not very efficient, and the k cat values indicated that the purified protein may take more than 20 min to perform a single repair event in vitro (50) . Human AP endonuclease 1 (APE1), however, can stimulate the DNA glycosylase activity of hOGG1 by cleaving the AP site produced by the latter (51). Thus, we employed APE1 to induce cleavage at the hOGG1-produced AP sites.
It turned out that the 8-oxodG in the two tandem lesions could be cleaved by hOGG1 ( Figure  4) ; the efficiencies for the cleavage of 8-oxodG in the two tandem lesions are, however, considerably different from each other and from the hOGG1-mediated cleavage of an isolated 8-oxodG. In this respect, hOGG1 could remove 8-oxoguanine from the 5′-(8-oxodG)-Tg-3′ tandem lesion-bearing substrate more efficiently than from the substrate housing an isolated 8-oxodG (Figure 4) . By contrast, the cleavage of 8-oxoguanine from the 5′-Tg-(8-oxodG)-3′ tandem lesion-carrying substrate is much less efficient than that from the substrate containing 8-oxodG alone; the cleavage of the former substrate was almost completely abolished at the lowest level of the enzyme used (Figure 4b ). This result revealed that the presence of a vicinal Tg can perturb significantly the hOGG1-mediated cleavage of 8-oxodG, and this perturbation is dependent on the spatial arrangement of the two single-nucleobase lesions.
We next examined whether the presence of an adjoining 8-oxodG can affect the endonuclease III-mediated cleavage of Tg. Since endonuclease III has both glycosylase activity and a relatively robust AP lyase activity (52) , no AP endonuclease was added for the endonuclease III-mediated cleavage reactions. In contrast to what we observed for hOGG1, the Tg in both tandem lesions could be cleaved by endonuclease III at comparable efficiencies as an isolated Tg ( Figure 5 ).
Discussion
We demonstrated recently that the tandem lesion with a Tg being followed by an 8-oxodG could be induced in calf thymus DNA upon treatment with Fenton reagents under aerobic conditions (20) . Although the formation of this type of lesion in cells remains to be assessed, the relatively high frequency of its formation in vitro suggests that it can be induced in cells. Here, we employed the ODN substrates containing Tg and 8-oxodG, either alone or neighboring each other, and examined how these lesions perturb DNA replication by using purified DNA polymerases and how efficiently they are recognized by two BER enzymes, hOGG1 and E. coli endonuclease III.
Our primer extension assay results revealed that the tandem lesions blocked DNA replication more effectively than the two isolated single-nucleobase lesions. In addition, the miscoding potentials of Tg and 8-oxodG, as revealed by steady-state kinetic measurements, are different while these lesions are present alone or in tandem. Our observation is consistent with previous findings that the tandem lesions, where an 8-oxodG is vicinal to an abasic site or a formylamine, can perturb differently the fidelity and efficiency of nucleotide incorporation opposite the lesion site from the situations where the composing lesions are present alone (37, 38) . The alteration in the fidelity of nucleotide incorporation might be attributed to the local structure change imposed by the neighboring lesion.
BER assay results showed that Endonuclease III recognizes and cleaves the thymine glycol in the two tandem lesion-containing substrates at a similar efficiency as the substrate housing an isolated thymine glycol. On the other hand, the 8-oxodG in the two tandem lesions could be recognized differently by hOGG1; whereas the lesion with an adjacent 5′ Tg could be cleaved much less efficiently than an isolated 8-oxodG, the lesion with a neighboring 3′ Tg could be cleaved more readily than when the 8-oxodG was present alone.
Thermodynamic measurements revealed that the 5′-Tg-(8-oxodG)-3′ and 5′-(8-oxodG)-Tg-3′ tandem lesions destabilized duplex DNA to a similar extent, which is represented by a 5.1 kcal/ mol increase in Gibbs free energy for duplex formation at 37 °C (41). Thus, the difference in recognition of the two tandem lesions by hOGG1 is not due to difference in overall destabilization to duplex DNA induced by the two tandem lesions. However, the above differential cleavage efficiencies for the three substrates can be rationalized from the nature of hOGG1-DNA interaction based on the X-ray structure of the hOGG1-DNA complex (53) and the structural perturbation to duplex DNA introduced by thymidine glycol (54, 55) .
The X-ray co-crystal structure of hOGG1 and 8-oxodG-bearing duplex DNA revealed a marked structure alteration of the lesion-containing DNA (53) . The modified nucleobase, 8-oxo-7,8-dihydroguanine (8-oxoGua) is extruded from the helix and is inserted deeply into an extrahelical active-site pocket of the enzyme. In addition, the X-ray structure showed the hydrogen bonding interaction between the nucleobase on the 5′ side of 8-oxoGua and Asn151 in the protein (53) . The lack of aromaticity of Tg may compromise this interaction thereby resulting in decreased binding of the 5′-Tg-(8-oxodG)-3′-bearing substrate toward hOGG1. Furthermore, the structure showed that the formation of a catalytically competent protein-DNA complex necessitates significant bond rotation of the flanking 5′ phosphate so that its nonbridging oxygen atoms point inward towards the helix axis. The presence of Tg as the 5′ neighboring nucleoside may also perturb this bond rotation thereby decreasing the catalytic proficiency of the enzyme. The above factors together may contribute to the poorer hOGG1-mediated cleavage of 5′-Tg-(8-oxodG)-3′ than an isolated 8-oxodG.
The X-ray structure showed no direct contact between the protein and the 3′ flanking nucleobase and no significant bond rotation in the phosphate group on the 3′ side of 8-oxodG (53) . On the other hand, previous molecular modeling studies showed that the methyl group in the cis-(5R,6S) isomer of Tg favors an axial conformation, which results in a steric clash between the methyl group and the 5′ neighboring nucleobase thereby destabilizing the 5′ base pair (54, 55) . Therefore, the destabilization of the 8-oxoGua:Cyt ("Cyt" represents cytosine) base pair induced by the 3′ vicinal Tg may result in the facile extrusion of 8-oxoGua from the helix thereby enhancing the cleavage efficiency of the enzyme toward the 5′-(8-oxodG)-Tg-3′ substrate.
The relatively poor cleavage of 8-oxodG from the 5′-Tg-(8-oxodG)-3′-tandem lesioncontaining substrate may render this lesion a substrate for the NER pathway. In this regard, both Tg and 8-oxodG can be recognized by mammalian NER machinery (56) . The formation of this tandem lesion at methylated CpG site, therefore, may account for the occurrence of high frequency of mCG→TT mutation while CpG-methylated pSP189 shuttle vector was replicated in NER-deficient XPA cells (32) . Together, the above results revealed that when the two commonly observed ROS-induced lesions, i.e., Tg and 8-oxodG, are neighboring to each other, they impose greater challenges to DNA replication apparatus and confer different mutagenic properties than when these lesions are present alone. Moreover, the 5′-Tg-(8-oxodG)-3′ tandem lesion can be recognized by hOGG1 much less efficiently than an isolated 8-oxodG. Therefore, the efficient formation of the 5′-Tg-(8-oxodG)-3′ tandem lesion, coupled with the elevated difficulty in the hOGG1-mediated repair of its 8-oxodG component, underscores the biological significance of this tandem lesion. To our knowledge, this represents the first replication and repair study on a tandem single-nucleobase lesion [i.e., 5′-Tg-(8-oxodG)-3′] whose efficient formation in isolated DNA has been demonstrated. Primer extension assays for nucleotide incorporation opposite tandem lesions, i.e., 5′-(8-oxodG)-Tg-3′ and 5′-Tg-(8-oxodG)-3′, a single 8-oxodG or Tg, and the undamaged control, with exo -Klenow fragment (a) and yeast pol η (b). 5′-[ 32 P]-labeled d(GCTAGGATCATAGC) was used as the primer. Klenow fragment or yeast pol η at the indicated units/concentrations was incubated with 10 nM substrate and 200 μM dNTPs at 37 °C for 60 min. The products were subsequently resolved by using 20% denaturing polyacrylamide gels. The 21-mer was observed due to the presence of a 1-base overhang in the primer, and the 22-mer primer extension products were originated from the terminal transferase activity of the polymerase. Example gel images for the steady-state kinetic measurements for the nucleotide incorporation opposite the 8-oxodG portion of the 5′-Tg-(8-oxodG)-3′ tandem lesion (a) or the corresponding dG site for the undamaged substrate. (b). Klenow fragment (5 ng) was incubated with 10 nM DNA substrate at room temperature for 10 min. The highest dNTP concentration is shown in the figure, and the ratio of dNTP concentrations between adjacent lanes was 0.5-0.6. (a) PAGE analysis of the hOGG1-mediated cleavage products of the substrates containing an 8-oxodG, the two tandem lesions, and unmodified GT. "XY" represents different lesions, and the 20 mer 5′-(CA)-3′-and 5′-(AC)-3′-containing complementary strands were used for the repair studies of the 5′-Tg-(8-oxodG)-3′-and 5′-(8-oxodG)-Tg-3′-containing substrates, respectively. (b) A summary of the quantification results of the percent cleavage products for different substrates. The values represent the mean ± standard deviation from three independent treatments and quantification experiments. (a) PAGE analysis of the products arising from the endonuclease III-mediated cleavage of substrates housing Tg, 5′-Tg-(8-oxodG)-3′, 5′-(8-oxodG)-Tg-3′ and unmodified GT. (b) The quantification results of percent cleavage products for different substrates. The values represent the mean ± standard deviation from three independent treatments and quantification experiments. Table 1 The sequences of ODNs used for enzymatic ligation ("G*" represents an 8-oxodG)
ODNs Sequences
5′-ATG GCG* TgGC TAT-3′ 3, 5′-(8-oxodG)-dT-3′ 5′-ATG GCG* TGC TAT-3′ 4, 5′-Tg-dG-3′ 5′-ATG GCG TgGC TAT-3′ 5, control 5′-ATG GCG TGC TAT-3′ Table 2 Steady-state kinetic parameters for ExoKlenow fragment-mediated nucleotide incorporation opposite Tg and 8-oxodG in tandem lesioncontaining substrates and opposite undamaged dG or dT in the control substrate a Table 3 Steady-state kinetic parameters for nucleotide incorporation mediated by yeast pol η 
